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REMARKS 

This response includes remarks further to the amendment 
filed December 7, 2007. 

Applicant thanks Examiner Gillespie and Examiner 
Sergent for their time and consideration of the present 
application during the telephonic interview of January 10, 2008 
with the undersigned. 

During the interview, the amendment filed December 7, 
2007 was discussed, particularly, the claim language that 
distinguishes the present invention from FLODIN: The Examiners 
suggested explaining in greater detail the difference between the 
claimed product and the product of FLODIN, as well as the effect 
of the recited process features on the claimed product. 

Accordingly, the reaction conditions, the y-value, and 
the formation of polyurethane prepolymers are explained in 
greater detail below, relative to FLODIN: 

I. The reaction conditions. 

According to the claimed invention, a reaction occurs 
between the diol and the diisocyanate when these reactants are 
added together without a catalyst, depending on the temperature. 
That is, if the temperature is sufficiently high, the reaction 
begins directly when the diol is added, but the reaction rate may 
be low, i.e., a few molecules react per time unit. The recited 
temperature of 50°C, for example, is a sufficiently high 
temperature to allow the reaction to begin when the diol is added 
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to the diisocyanate . If the temperature is decreased, one 
decreases the reaction rate, and the process time increases. 
However, one may decrease the temperature to a point at which no 
reaction occurs . 

The claimed polymer is obtained by carrying out the 
reaction between the diol and the diisocyanate at a low reaction 
rate. For this reason, the claimed temperature of 50 °C to 60 °C is 
selected, which is lower than conventional reaction temperatures, 
and the reaction is carried out without a catalyst, i.e., 
catalysts are omitted by the "consisting essentially of" language 
for the recited process. Additionally, the claimed temperature 
and absence of a catalyst permit one to avoid side reactions, 
which occur in reactions at higher temperatures and/or faster 
rates, e.g., as taught by FLODIN. 

Thus, FLODIN differs from the claimed invention in that 
the temperatures are higher and a catalyst is required for 
temperatures less than 60-80°C: 

II. The y-value. 

The y-value (length of the "hard block") is used to 
define the claimed polymer. The y-value is calculated from the 
analyses of the contents of carbon, hydrogen and nitrogen in the 
material combined with the chemical structure for the polymer. 

Corresponding y-values are seldom presented in 
scientific literature according to applicant's knowledge. One 
generally varies reaction parameters such as the components, the 
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mole ratio and/or the process conditions to achieve, in theory, 
longer or shorter hard blocks. The resulting polymers are 
compared with, for instance, mechanical properties for the 
different material. 

Indeed, the closest analysis to the claimed Y-value is 
probably AMF analysis (atomic force microscopy) , where the size 
of hard domains can be given in Angstroms, and possibly be 
correlated to the chemical structure in the polymeric chains. 

FLODIN is silent as to a y-value for the polymers 

formed. 

III. Formation of polyurethane prepolymers . 

Applicants refer to the scientific article included in 
the appendix by HEINTZ, A.M., et al ("HEINTZ"), as evidence that 
FLODIN cannot teach the claimed polymer. 

HEINTZ describes the distribution of chain lengths in 
urethane prepolymers including unreacted diisocyanate . The goal 
when making the prepolymer in the present invention is to 
increase the fraction of short prepolymer molecules as much as 
possible, i.e., corresponding to the # PPG units=l in HEINTZ, and 
keep the fraction of unreacted diisocyanate low. 

One way to increase the fraction of short prepolymer 
molecules is to increase the amount of diisocyanate in the 
reaction. However, the drawback is that this also increases the 
amount of unreacted diisocyanate left over when all of the diol 
has reacted. Due to this increased amount of unreacted 
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diisocyanate, longer hard blocks are formed in the finished 
polymer, i.e., higher y-values. 

Nevertheless, some still use more diisocyanate in the 
reaction, but remove the excess of unreacted diisocyanate from 
the prepolymer before it is used in the polymerization step. 

Another way to increase the fraction of short 
prepolymer molecules and reduce the fraction of longer prepolymer 
molecules is to lower the reaction temperature as described 
HEINTZ (fig. 7) . 

Yet another way to increase the fraction of short 
prepolymer molecules is to add the diol in small portions, e.g., 
dropwise, instead of mixing the diol and diisocyanate all at 
once . 

Indeed, the ultimate way to avoid longer prepolymer 
molecules is to let all of the diol from a drop react at a low 
reaction temperature and provide good mixing before the next drop 
of diol is added to the reaction mixture. 

Generally a reduction of reaction temperature by 10°C 
reduces the rate of reaction by a factor 2 (Arrhenius' law) . 
Thus, by lowering the reaction temperature from 60 °C or higher 
down to 50°C, the reaction rate is reduced by one half. 
Accordingly, the diol should be added at half the rate or less 
(compared to performing the reaction at 60°C or higher) to avoid 
accumulation of unreacted diol in the reaction mixture. 
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Accumulations of unreacted diol would result in longer prepolymer 
chains as the diisocyanate/diol ratio is lowered. 

Thus, the claimed invention differs from FLODIN in that 
the claimed polymer has particular y-values, and z values, which 
are determined by the polymer being formed from a molar ratio 
between R2 and R3 is larger than 2:1, without a catalyst, i.e., 
expression "consisting essentially of" excludes steps that would 
materially effect the resulting polymer, and at a reaction 
temperature between 50 and 60 °C. 

Indeed, FLODIN fails to suggest claimed y-values and z- 
values for the polymers. FLODIN discloses that the molar ratio 
is smaller or equal with 2, i.e., that the shortest prepolymer is 
obtained at a ratio of 2, while longer prepolymers are obtain at 
a ratio greater than 2. Also, FLODIN discloses, e.g., at column 
4, lines 35-45, the reaction occurs at an elevated temperature 
60-80 °C or at a lower temperature with a catalyst. Thus, as 
evidenced by HEINTZ, and in view of the discussion above, FLODIN 
fails to disclose a reaction that would result in the claimed 
polymer. 

Therefore, in view of the foregoing remarks and the 
Remarks made in the Amendment filed December 7, 2 007, FLODIN 
fails to anticipate or render obvious the claimed invention, and 
withdrawal of the rejection is respectfully requested. 

Applicant believes that the present application is in 
condition for allowance at the time of the next Official Action. 



6 



Docket No. 1511-1036 
Application No. 10/518,428 



Allowance and passage to issue on that basis is respectfully 
requested . 

The Commissioner is hereby authorized in this, 
concurrent, and future replies, to charge payment or credit any 
overpayment to Deposit Account No. 25-0120 for any additional 
fees required under 37 C.F.R. § 1.16 or under 37 C.F.R. § 1.17. 

Respectfully submitted, 

YOUNG & THOMPSON 

Robert VA. Madsdn, Reg. No. 58,543 
745 South 23 rd Street 
Arlington, VA 22202 
Telephone (703) 521-2297 
Telefax (703) 685-0573 
(703) 979-4709 



7 



Docket No. 1511-1036 
Application No. 10/518,428 



APPENDIX : 

- HEINTZ, A.M., et al . , "Effects of Reaction Temperature on the 
Formation of Polyurethane Prepolymer Structures' 7 , Macromolecules , 
2003. 36(8) : p. 2695 - 2704. 
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ABSTRACT; For the first time, the molecular weight distribution and extent of side reactions have been 
quantified in polyurethane prepolymers. A combination of NMR. size exclusion chromatography, and 
mass spectrometry has been used to measure the molecular weight distribution. The Values obtained are 
consistent with F lory's step polymerization theory. The type and amount of side reactions as a function 
of reaction temperature have also been Investigated. At low temperature of reaction, the amount of 
branches arising from ailophanate linkages Is negligible. With only a relatively modest change in reaction 
temperature, this type of side reaction increases dramatically , so that at ] 45 °C as much as 10% of the 
nitrogens participate in ailophanate linkages. The effect or this reaction on the molecular weight 
distribution was also measured. Upon formation of these side products, the molecular weight distribution 
broadens and the average increases. In this prepolymer system, the reactivity is independent of molecular 



Introduction 

Polyurethane reactive hot malt adhesive is a rela- 
tively new system of study. In addition to environmental 
benefits, it combines many properties not found in other 
adhesives such as good bond durability, adhesion to a 
wide variety of substrates, high performance over a 
large temperature range, good chemical resistance, and 
fast set speed. 1 - 2 In all reactive polyurethane hot melt 
adhesives, the isocyanate functionalized prepolymers 
are a most crucial component. They provide the func- 
tional groups necessary for curing with moisture in the 
environment. They are also important in determining 
processing parameters necessary for property control. 
Despite the current commercial success and future 
potential, a number of structural aspects are ill-defined. 
This current study is concerned with two aspects of the 
prepolymer structure: the molecular weight distribution 
and a quantitative analysis of the possible side reac- 
tions. 

The prepolymer Is prepared by the reaction of a 
macrodiol such as polypropylene glycol) or poly(capro- 
lactone) with an excess of a diisocyanate. Because this 
reaction is a step polymerization, the prepolymer chains 
will have a molecular weight distribution. Several 
studies have examined the relationship between average 
molecular weight and properties such as curing dynam- 
ics and mechanical properties, 3 " 3 the largest factor 
being that the viscosity rises with an increase in 
molecular weight. What has been largely ignored is that 
the molecular weight distribution, not just the average 
value, must also affect the properties of the final cured 
material. 

* To whom correspondence should be addressed. 
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The curing reaction is shown in Scheme 1. An lsocy- 
anate group reacts with water, giving an unstable 
carbamic acid, which loses CO2 to give an amine. This 
amine can than react with another isocyanate to give a 
urea linkage. Two main reactions are shown. In case 1, 
if both isocyanates arise from end-capped prepolymers! 
the resulting reaction will simply increase the molecular 
weight of the chains. In case 2, if free (monomeric) 
diisocyanate is consumed, the resulting reaction will 
incorporate hard segments into the chain. These hard 
segments provide physical cross-links in the adhesive, 
the volume fraction, and average length of which 
contribute to a polyurethane's modulus. The length of 
these hard segments is directly related to the amount 
of free diisocyanate. The prepolymer chain length will 
ultimately Influence the molecular weight between 
cross-links and thus the elasticity of the final product. 
Thus, knowledge of the molecular weight distribution, 
and which variables perturb it, is critical to controlling 
the properties of these adhesives. 

Several studies have used size exclusion chromatog- 
raphy (SEC) to follow the change in molecular weight 
distribution with time in order to observe reaction 
kinetics. 6 - 9 SEC has also been used to confirm the 
molecular weight distribution in model chain extension 
reactions between butanediol and diisocyanate. 3011 
Surprisingly, we know of no studies that have con- 
firmed whether polyurethane prepolymers exhibit 
the most probable distribution when prepared in the 
bulk. 

Side reactions are ubiquitous in ure thane chem- 
istry. 12 " 17 The possible reactions are shown in Scheme 
2. Depending on whether a catalyst is present, these 
reactions can be favored over ure thane formation. Our 
principal goal is to determine whether these side 
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products exist to any appreciable amount in a prepolv* 
mer system. Relatively few quantitative studies have 
oeen carried out to analyze the side product distribution 
o; a prepolymer. The incorporation of the side reaction 
unKages. for example allophanate and isocy an urate 
adds branch points, which both increases the viscosity 
of the prepolymer and changes the onset of gelation 
during cure.** These linkages also have different ther- 
mal Stabilities than rhfi lirpfhan^ J9 20 Tf 



t» - — -- — cusu auierent trier* 
mal stabilities than the urethane linkage. W If these 
ignificant, both pot stability. Le„ viscosity 



reactions are significant, bom pot stability. Le„ viscosity 
rise, and shelf life are expected to be dramatically 



affected Evidence for these side reactions will also 
m^r^hf* mole *? ,ar w *Sht distribution from the 
™J ^JSJW ° ne * Most notab1 ^ thesG tactions are 
p ^ d t0 deCr ** se * e ™mt of free diisocyanate 

In this paper, we have quantitatively characterized 
foL^t Welght ^ribution and side product 
SEI^SE*? Prepolymer prepared from poly (propylene 
gycol) (PPG) end methylene bis(phenyl teocyaLte) 
(MOI). The reaction was carried out in the melt at 
temperatures between 105 and 145 with reaction 
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Scheme 3 




times between I and 3 h. and in the absence or catalysts. 
Our goal is to understand whether these changes In 
processing conditions change the prepolymer structure. 
In addition, the relationship between side product 
formation and changes that occur in the molecular 
weight distribution will be determined. A combination 
of *H NMR, SEC, and mass spectrometry will be used, 
and our analysis is reported here. 



Experimental Section 

Materials. Polypropylene glycol) (PPG) CBayer 2056; 2000 
g mol" 1 with a hydroxyl value of 56) was dried In vacuo at 40 
°C for at least 2 days prior to use- Trace impurities In the PPG 
can have a dramatic impact on the reaction kinetics and the 
side products formed. PPG is typically prepared by anionic 
polymerization . and depending on the initiator structure or 
end-capping procedure, the polymer may be terminated with 
primary hydroxy] groups, secondary hydroxy! groups, or both. 
Since the reactivity of these species Js quite different (primary 
hydroxy Is are approximately 3 times mdrft reactive with 
isoeyanates than secondary alcohols arc), the identification 
of these end groups is important. We Have determined that 
Bayer PPG 2056 is terminated with secondary hydroxyl 
groups by distortionless enhancement by polarization transfer 
PEPT} 2 ' (in CDCig). Resonances observed at 66.63 ppm 
(dd, J— 2.8 and 121.5 Hz) correspond to the methynea ad- 
jacent to the hydroxyl group. This was also confirmed using 
*H NMR spectroscopy (in pyridine- <^0 where a doublet 
of sextuplets was observed at 4.18 ppm (J — 4.2 and 6.2 
Hz), corresponding to the methyne adjacent to the hydroxyl 
group.* 2 

In addition, chain transfer to monomer can occur in these 
systems, resulting in a small amount of ally] end groups and 
decreasing the Ideal functionality from Z.O. Finally, trace 
amounts of base are known to greatly accelerate both urethane 
formation and side product formation. 16 Allyl end groups were 
evident in the 'H NMR spectrum (in acetone- <&) from a doublet 
of doublets at 5.19 ppm (J- 10.5 and 89.5 Hz). In addition, 
there is a multiplet at $.90 ppm. This most likely arises from 
a 2-propenoxy end group, a constitutional isomer of the allyl 
end group. By integrating the resonances corresponding to 
hydroxy] ends and the two different alkene ends, the amount 
of allyl and 2-propcnoxy end groups is found to be 2.62 and 
2.28%. respectively. These groups are not expected to affect 
the outcome of prepolymer formation, though they will remain 
unreacted even after cure and will not contribute any cross- 
links. 

Matrix-assisted laser desorption ionization time-of-flight 
(MALDI-TOF) mass spectroscopy was also used to character- 
ise the starting PPG- On the basis of the mass of the peaks 
{76 + 58(m + n) + 23(Na+)]). the structure of the main 
component was determined as shown in Scheme 3. This 
component has M, = 2000 with a PDl = 1.02. In addition, 
morioTunctiorial chains with alkene end groups can be observed 
(ally] and 2-propenoxy have the same mass) since they have a 
different mass distribution {1 16 + 58{m+ *) + 23(Na+)>. The 
amount found by MALDI agreed well with the value found 
from ! H NMR In the range from 2-5 to 5%. 
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Methylene diphenyl dlisocyanate (MDI) (Aldrich, 9B%) was 
used as received. In this case, Its purity was checked prior to 
use by titration with butylamine. 23 The NCO content was 
found to be 7.84 mmol NCO g~' MDI (98% pure). The impurity 
round is a dimer of MDI (ureUdinedione), verified by its 
infrared-active 0=0 stretch at 1776 cm -1 . Urea was not j 
present in the starting material. I 

Prepolymer Synthesis. The model prepoiymers were 
prepared as follows- A three-neck round-bottom flask equipped 
with a stir bar, a nitrogen/vacuum adapter, and a rubber 
septum was charged with 20.0 g (19.99 mmol OH) of PPG. The 
system was evacuated to 100 mTorr and degassed by succes- 
sive cycles of nitrogen fill/vacuum evacuation for at least 2 h 
at 100 °C The water content at this point was found to be 
below the Karl Fisher limit (<0.02 wt In the final step, 
tho system was evacuated to 100 mTorr. dosed, and equili- 
brated at the reaction temperature (108. 122, or 145 °C), fl-18 
n of MDI (32 74 mmol of NCO) was melted in a second round- 
bottom flask, degassed, and added via syringe to the PPG. The 
reaction vessel was stirred under N 2 for 0.2-3 h to obtain the 
prepolymer. A small amount of the prepolymer was either 
titrated with diburylamine (to measure the Isocyanate content) 
or stirred with dry methanol for 24 h (to cap any unreacted 
Isocyanate groups at ends). 85 The end-capped prepolymer is 
recovered via rotary evaporation. ^ 
Characterization. 'H NMR spectra were recorded using 
a Broker DPX300 spectrometer. The sample concentration was 
approximately 20 mg mL~' in acetone- db. A recycle time (A) 
Df 2,0 5 was found to be long enough to allow relaxation of all 
protons. 512 scans were signal averaged. The hydroxyl- 
containing end groups could not be resolved from the backbone 
when acetone- cfc was the solvent. To calculate the conversion, 
the samples were dissolved in pyridine- ds. Resonances from 
the methyne adjacent to an alcohol and the methyne adjacent 
to a carbamate could be resolved clearly. 22 A up to 30 s was 
not enough time to allow aromatic protons to relax- However, 
the methylene resonances showed no changes when D\ was 
varied between 2 and 30 s. 

MALDI-TOF mass spectra were recorded using a Reflex 
III MALDI-TOF (Bruker Dal tonics) operating in linear mode 
using 24 kV acceleration voltage and 337 nm laser excitation. 
Solutions of 10 mg mL" 1 PPG in CHCh and 30 mg mL" 1 
dithranol in CHCh were prepared and mixed together by 
volume In the ratio of 1:10. 1 pL of this solution was spotted 
onto a stainless steel target where sodium briiluoroacetate 
had been predepo sited from MeOH (10 mg mL^of NaTFA 
in MeOH). A typical spectrum contains approximately 100 
shots. 

SEC was carried out with a Waters 510 HPLC pump 
equipped with three columns from Polymer Labs, Inc., having 
5 fim bead size (two with MIXED-D and one SO A pore sizes). 
THF was used as the eluent. A Waters R401 differential 
refractometer was used as the detector. A SEC calibration 
curve of Log(Mw) vs elution volume could be constructed for 
PPG prepoiymers by combining the peak molecular weight 
(A4y obtained from MALDI with curve fitting of the SEC 
traces. The SEC traces were fit as a series of Lorentzian 
functions. The first sue of these with highest elutlon volumes 
are related 10 distributions that can be observed by MALDI- 
TOF. Mp was thus determined experimentally from MALDI- 
TOF- The last three Lorentzian functions were assigned M p 
on the basis of the structure) expected for those distributions. 
A third-order polynomial was used to fit the data in the range 
1800-15 000 g mol" 1 . The results are shown in Figure 1. The 
weight fraction distribution was determined on the basis of 
this calibration curve. 

Results and Discussion 

In this study, we aim to quantitatively characterize 
two aspects of the polyurethane prepolymer structure: 
the molecular weight distribution and the amount of 
side products. The combination involving NMR, SEC, 
and MALDI has proven to be extremely powerful in 
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Table 1. Roactlon Conversion for Pre polymer Formation 
at 108 »C Calculated Using Var^^etlW 
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cn^ m f stru ? ural evolution during reaction. The 
at «».<* technique can be estahusn^ 
by following the reaction to different degree of convert 
f™" a specific temperature. Charact^tSn Jthe 
JSK* ° btalned at different temperature ^ then 

complete conversion, all of the hydroxyV^gs b. 

d to f0rm urethane B™P S 3"° the degree of 

aWnn^2 M ' ta . 1 °- Urethane formfa 8 Action 
also consumes an isocyanate, but since the Isocyanates 
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than predicted due to the many side reactions that^an 
occur. The conversion (Pmcq) of the prepolymers pr£ 
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fn^-^ known excess of dibutylamine. The 
bTStlonw?^ ^«*y^nune ls theln determlnS 
Sn J^i "wS HC i" Assuming no side reactions, poh 
can be calculated, and die results are tabulated in Table 
1. As expected, increasing the reaction time increases 
the conversion. After 3 h. urethane formation tentarh! 
complete at 97% conversion. fly 
H NMR spectroscopy can be used to directly deter- 
of the prepolymers after first reacting the 
resadual NCO ^methanol. The degree of conVefsSn 
obtained from >H NMR is consistently slightly lower 
than that determined from titration as shown i£ Table 
i. l he error in the conversion calculated from 'H NMR 

2^?? V e 7^J^ relative error assodaSiwX 
er^ 1 „ be 0 E % J Takin S wt0 ^ experimental 
errors, the two methods yielded similar results 

w J^h d ^ e 2^ n i the . nmnber 3710 w eight molecular 
weight distributions in this model adhesive system a 
combination of MALDI— TOF mass 
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Figure 2. MALDI TOF spectra of MeOH Gnd-fiwoed PPC 
prepolymers prepared at 108 'C for dlfierent 1^un£ of 
Unie: (a) entire mass range; (M mass ranne in theVoo"™ ^ 

onners, and triangles are from trimers. m)m 

Vf : US ed ' 71,9 resu3ts are sh own in Figures 2 and 
3 for MeOH end-capped prepolymers prepfred at K 
C. The experimental data are then compared to what 
k expected theoretically. In the absence of side real 

nf 0 ^;^ e i nUmberfra< ? on {N1 > ^ wei §"t fraction (m 
? f £? ch °^f? m ^ can be determined aJ first described 
by Fiery * Equations describing the population (numter 
fraction or weight fraction) of each oligomer fornS 
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during the step polymerization of PPG with excess MDI 
are the following: 

For HO-<PPG-MOT)n-NCO 

2(1 -p){l-rp) 
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At incomplete conversion, a mixture of OH and NCO 
end-capped oligomers will have been formed, while at 
complete conversion, only NCO end-capped species will 
exist. Separate relationships are necessary to describe 
the relative abundance of these species, where even 
oligomers are those species terminated with both NCO 
and an OH and odd oligomers can be terminated with 
either two NCO's or two OH's. 

With increasing conversion, obvious changes in the 
MALDl-TOF spectra are observed corresponding to the 
formation of different oligomers (Figure 2a). At a low 
degree of conversion, the sample obtained after a 
reaction time of 0.2 h, the majority of the prepolymer 
still has a molecular weight that centers around 2000 
g mol 1 * 1 , As conversion increases, several higher molec- 
ular weight distributions are observed. After 3 h (poH 
= 0-97) four main distributions are evident with A^p of 
2548 4867, 7180, and 9320 g mol -1 - These distributions 
correspond to trimer (i.e., MDI-PPG-MDI). pentamer, 
heptamer. and monomer. Under the experimental condi- 
tions used, three additional distributions are observed 
in the mass range from 1200 to 3400, as shown in Figure 
2b, which correspond to the Na+ adducts of monomer 
(PPG), dimer (PPG-MDI). and trimer (MDI-PPG- 
MDI). Below 800 mlz, peaks can be observed corre- 
sponding to MeOH end-capped MDI monomer and 
uretidinedione dimer and the matrix. 

Owing to the narrow polydispersity of PPG. oligomer 
species with different numbers of PPG units ^resolv- 
able in SEC (Figure 3a). Unlike in MALDI-TOF. 
however increasing the number of MDI units in an 
oligomer does not give a discrete change but rather a 
shift in the peak elution volume (i.e., molecular weight). 
Thus, in the trace at 1.0 h, the discrete peaks at 19.52, 
18 50 and 18.12 mL correspond to species with 1, 2. 
and 3 PPG units, respectively. The shift in peak elution 
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Figure 3. Results from SEC of MeOH end-capped PPG 
preporymers prepared at 108 *C Tor different amounts of 
time: (a) SEC traces; (b) weight fraction distributions- 
volume for the 0.2 h reaction vs the.1.0 h reaction from 
19.76 to 19 52 mL corresponds to a change in the 
relative distribution of monomer, dimer, and trimer in 
each sample. The weight fraction distributions (Figure 
3b) were calculated from the calibration curve shown 
in Figure 1. As expected, the weight fraction of MDI 
monomer and low PPG oligomers decreases with con- 
version as higher oligomers are formed. Additionally, 
the small peak corresponding to the MDI dimer is 
observed to decrease with conversion, suggesting that 
these molecules are also incorporated into the prepoly- 
mer chains. 

To compare MALDI-TOF and SEC data with step 
polymerization theory, the number fraction and weight 
fraction distributions must first be determined. The 
MALDI— TOF results can be separated into several 
different distributions, depending on the number of PPG 
units in the oligomer. The number fractions determined 
by integration of these distributions can be compared 
with those determined by eqs 1-6. Neglecting the 
contribution from the free MDI (see above) In our 
calculations, the results are shown in Figure 4a. Al- 
though the overall trend of increasing molecular weight 
as a function of conversion is predicted, a quantitative 
agreement is absent The data reflect an over-represen- 
tation of low molecular weight oligomers. The theory 
assumes that all molecules are difunctional, that reac- 
tivity is independent of molecular size, and that only 
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Fiinire 4. Molecular weight distribution determined from MALD1 TOF end SEC data and compared with results from Flory's 
step polymerization theory; (a) number fraction distribution; (b) weight fraction distribution. 



linear polymerization occurs. These assumptions are not 
likely to cause the significant differences observed. 
Instead, it is most likely due to Inherent experimental 
errors. It has been shown that small perturbations in 
end groups can have a large effect on ionization ef- 
ficiency. 27 In addition, instrumental effects can lead to 
a mass bias during the MALD1 desorption/ionlzatlon 
process. 28 , . , 

The SEC weight fraction data were In surprisingly 
good agreement with the predictions. As described 
above, the data were divided into several distributions, 
depending on the number of PPG units In the oligo- 
mer: 0 {MDI monomer and dimer), 1. 2. 3, 4, and £5. 
The amount in each group was determined by integrat- 
ing the plots in 2200 g/mol intervals. This method 
yielded more consistent results than those involving 
more sophisticated but laborious deconvolution routines. 
The results are shown in Figure 4b. The agreement is 
quite good with the differences in most cases being 



approximately 10%. For the WO prepolymers at higher 
conversions, the same trend is observed. More low 
molecular weight oligomers are observed than predicted. 
The PPG monomer contained approximately 5% mono- 
functional materials- Upon reacting with MDI. these 
chains would maintain a molecular weight similar to 
dimers. This may be one source of inconsistency. The 
weight fraction of 0 PPG materials is always lower than 
predicted. This may be due to the choice of detector, a 
differential refractometer using THF as an eluant (n = 
1 .407). The refractive indices of PPG and MDI are 1 .447 
and 1.580, respectively. The difference apparently has 
only a minimal effect as the weight fraction MDI In each 
higher oligomer changes but is more substantial for 
materials containing only MDI, The results obtained 
from SEC suggest that the molecular weight distribu- 
tion agree with the step polymerization theory. One 
could predict a priori the amount of free MDI needed 
for hard segment formation. 
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Figure 5. 'H NMR spectra of MeOH end-capped PPG prepolyrners prepared at 108 *C ^different 

offpe^rurn used For Analysis, normalised to aromatic protons: (b) PPG methyne a to carWmatu: (c) aromatic H, (d) urethane 
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As mentioned above, the presence of side reactions 
may alter the structure considerably. *H NMR is 
perhaps the most suitable technique For quantification 
of the amount of side products. Urethane, aUophanate, 
urea, and biuret NH's all have unique resonances. 29 
Their positions depend largely on the nature of the 
degree of hydrogen bonding, which is influenced by 
solvent choice, water content, and concentration. 30 For 
quantitative analysis of NH resonances, exchangeable 
solvents such as CDCfe or D 2 0 obviously should not be 
used. 

To determine the percentage of N (i.e.. NCO groups) 
that participates in side reactions, the l H NMR spectra 
were collected in acetone- c/e- The data obtained for 
methanol end-capped prepolymers are shown In Figure 
5a. The main region used for analysis is that from 4.5 
to 1 1 .0 ppm, which focuses on the MDI unit. The ratio 
of OH/NCO remains fixed in each reaction, and since 
each side reaction maintains the phenyl ring intact, the 
total number of phenyl ring protons will remain con- 
stant. This region Is then used as an internal standard 
to carry out a quantitative analysis. 

With Increasing conversion, several changes are 
evident. Figure 5b shows a complex resonance at 4.95 
ppm. which can be assigned to the PPG chain's end 



methyne proton after reaction. Its intensity increases 
with conversion, as more of these units are formed. The 
region from 7 to 7.6 ppm corresponds to those reso- 
nances arising entirely from aromatic protons as shown 
in Figure 5c. Close examination shows that this region 
Is also sensitive to conversion. The region arising from 
carbamate NH is shown in Figure Sd 29 The narrow lines 
observed in acetone-dfe allow resolution of the two 
different carbamate species: those arising from reacted 
NCO and those arising from unreacted NCO that have 
been end-capped with methanol. On the basis of the 
changes in the spectra observed with increasing conver- 
sion, the hi^ier field resonance can be attributed to the 
PPG carbamate. There has been controversy regarding 
the validity of using NH resonances for quantitative 
analysis, so the intensity observed in this region was 
confirmed by using it to calculate the conversion. 31 After 
deconvolution. pnco can be determined, as shown in 
Table 1. Within the experimental error, the degree of 
conversion is consistent with the titration value. 

The integrals of the various resonances are shown in 
Table 3. In the absence of side reactions, every urethane 
proton is associated with four phenyl ring protons. 
Additional iso cyan ate or urethane consuming reactions 
will alter this ratio. As can be seen from Table 3, the 
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Table 2. Results from the Analysis of l H NMR Spectra Tor 
Prepolymcrs Prepared at 108 °C ^ 

integrals from ! H NMR In acetortfc-Op 

time (h) aromatics urethane x 4 allophanatc x 8 

0.2 1.00 0.888 0-000 

1.0 1.00 0.901 0.003 

3.0 1.00 0 888 0.009 



Tabic 3. Results for PPG Prepolymers Prepared under 
Different Reaction Conditions 



temp 

ro 


time 
(h) 


PNCO 
(titration) 


POM 
(titration) 


PPH 

(NMR In pyr) 


allophanate 
(%N) 


108 


1.0 


0.3984 


0.6471 


0.60 


0.6 


10B 


30 


o.eooo 


0.9677 


0.95 


1.8 


122 


1.0 


0.50 


0.81 


0.79 


1.4 


122 


3.0 


0.662 


1.052 


>0.95 


3.5 


H5 


1-0 


0.5935 


0.9707 


0.93 


5.6 


145 


3-0 


0.6602 


1.0788 


>0.95 


10.2 



fraction of MDI nitrogen characterized by urethane is 
between 89 and 90%. The remaining 10% must be 
involved in other types of linkages, as shown in Scheme 
2. Several of these linkages contain nitrogen-bound 
protons, for example allophanate. urea, and biuret. On 
the other hand, uretediT) edione and isocyanurates do not 
contain NH. Thus, while these linkages will contribute 
intensity to the aromatic region, they will not display 
any other characteristic resonances in A H NMR. 

The resonances that can be assigned to allophanate 
NH are shown in Figure 5e. 2B At this reaction temper- 
ature r the number of these linkages is relatively small. 
It is evident that with increasing time the intensity at 
10.2 and 10.85 ppm increases. The amount of allopha- 
nate is determined by first accounting for the eight 
aromatic protons associated with this linkage. Then the 
total percentage of N that formed allophanates will be 
twice this number, since two N are involved In that 
linkage. At 108 °C for a reaction time of 3.0 h (98% 
conversion), only 1.8% of N has formed allophanate. This 
is consistent with the amount of allophanate determined 
by a titration method for PPG prepolymers prepared in 
the melt. 32 

The MDI used in this study contained 2% uretidin edi- 
one. The sum of this species plus the urethane, allo- 
phanate. and urea populations should equal l .0- In fact, 
the amount we observe is always closer to 0.93. This 
would suggest that other linkages are forming during 
synthesis However, combined with the titration data, 
it seems unlikely that the remaining 7% arises from 
other side products. Model studies have shown that, in 
the absence of catalyst, the population of isocyanurate 
is much less than the population of allophanate. 19 We 
also examined the rate of dimerization of MDI at 108 
°C and found that after 8 h only 2% of the N had been 
converted to uretidinedione. At present it is not possible 
to account for the "missing" 7%. Nonetheless, the 
amount of the principal side product, allophanate. can 
be quantified using NMR analysis. 

Effect of Reaction Temperature. A combination 
of A H NMR and SEC as described above is used to 
examine the formation of PPG-based prepolymer as a 
function of reaction time and temperature. Three reac- 
tion temperatures (108, 122, and 145 °C) were chosen 
since they correspond to the range generally used in 
most applications. Reactions were carried out for 1-3 
h (Table 3). One hour Is insufficiently long to allow 
complete reaction, except for the sample at 145 °C, A 
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reaction time of 3 h allows complete conversion or nearly 
complete conversion. 

As discussed above, titration detects the number of 
NCO groups. Calculation of pOH Is indirect and assumes 
no side reactions. The values obtained for 1 22 and 145 
°C are greater than 1.0, thus yielding clear evidence that 
other NCO- consuming side reactions must be taking 
place. An additional 5.2% and 7.9% of NCO's are being 
consumed by side reactions. 

Using l H NMR spectroscopy, the percentage of N 
forming allophanate linkages can be determined (Table 
3). Clearly, both reaction time and temperature have a 
dramatic effect on the allophanate population. For the 
sample reacted at 108 9 C, the amount of allophanate is 
nearly negligible with only 1.8% of N forming allopha- 
nates. Even after 3 h at 122 °C. the amount of allopha- 
nate formed remains fairly low. The amount observed 
is 1.4 and 3.5% for reaction times of 1 and 3 h, 
respectively. At 145 "C, however, this reaction is no 
longer a negligible one. Comparing two prepolymers at 
similar conversion (122 a C. 3 h vs 145 C. 1 h), the one 
prepared for a shorter reaction time at 145 °C contains 
a higher allophanate content. After 3 h, the amount 
reaches 10%. In this case, the viscosity is noticeably 
higher. Other adhesive properties may be influenced as 
well. 

Additionally, other side reactions must be taking 
place. As stated above, the error in the titration and 
the l H NMR is about 0.2 and 5.0%. respectively. Given 
that each allophanate linkage consumes 1 equiv of 
urethane (already accounted for in the titration) and 1 
equiv of isocyanate. the number of additional reactions 
can be deduced from the titration data. Approximately 
3% of the NCO groups are consumed by another 
reaction. 

SEC results can be combined with the data from NMR 
to detennine how side reactions perturb the molecular 
weight distribution. Since the effects of conversion have 
already been discussed in the preceding section, this 
part will focus on the three samples that have reached 
similar conversions, i.e., those prepared at 96. 122, and 
145 °C for 3 h. The results are shown In Figure 6. 
Several conclusions can be reached. The prepolymers 
prepared at higher reaction temperatures, and thus 
having larger allophanate content, exhibit higher overall 
molecular weight, Second, Mp of the main oligomer 
distribution near 2500 g mol" 1 shifts to slightly higher 
molecular weight (from 2300 to 2400), suggesting that 
the incorporation of allophanate linkages into trimer 
molecules is occurring. Finally, the discrete distributions 
that were evident at 108 °C are converted to broader 
distributions as allophanates are formed between chains 
of various molecular weights. 

Because of the breadth of these distributions, the 
change in weight fraction was calculated for different 
ranges; 0 PPG, 1 PPG. 2 PPG, and £3 PPG. The results 
are shown in Figure 7a,b. As the temperature is 
increased, the amount of 1 and 2 PPG-containing 
oligomers progressively decreases. On the other hand, 
the amount of free MDI decreases and appears to reach 
a constant value. High molecular weight species pro- 
gressively increase. The conclusion based upon these 
observations is that free MDI is not preferentially 
consumed to form allophanates. Under these reaction 
conditions, it appears that it is equally favorable for both 
low and high molecular weight species to participate in 
the reaction. 
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Conclusions 

The polyurethane system that we have focused on in 
this study, i.e., the formation of prepolymers in adhe- 
sives, involving the reaction of polypropylene glycol) 
with isocyanate, has yielded a number of intriguing 
data. The two aspects given particular emphasis are the 
molecular weight distribution and the amount and type 
of side reactions. Using a combination of three charac- 
terization techniques (NMR. SEC, and mass spectrom- 
etry), the |X)tymerization process at various tempera- 
tures (108-145 "C) has been determined. The extent of 
reaction was highly dependent on reaction temperature. 
The molecular weight distributions achieved at each 
temperature have been measured and are consistent 
with the ones based upon a step polymerization mech- 
anism. Changes in distribution as a function of extent 
of reaction have also been established. The side products 
present can be derived from mass balance analysis and, 
in more detail, using NMR analysis. The formation of 
aUophanates is highly dependent on reaction tempera- 
ture. Widi modest increase in reaction temperature, trie 
amount of aUophanates can increase from negligible to 
over 10% of all nitrogen- containing compounds. This 
study demonstrates that the products formed can be 
studied in a quantitative fashion. The commercial 
systems usually employ other polymers, such as various 
crystalUzable polyesters, and compatibilizers, such as 
acrylate copolymers. The structure of those polymers 
is also of high interest and will be reported in the future. 
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